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Abstract 
 
This thesis presents the demonstration of high average power nanosecond and 
picosecond optical vortex outputs from a stressed large-mode area Yb-doped fiber 
power amplifier. The thesis also addresses nonlinear frequency extension, such as 
second and third harmonic generation, of the picosecond optical vortex output without 
any beam quality degradation due to spatial separation of the phase singularity. 
Furthermore, the theoretical background of optical vortices is reviewed. 
In fiber laser systems, stimulated Brillouin backscattering (SBS) mostly limits the 
power scaling of the fiber amplifier, and it also frequently induces optical damage in the 
fiber amplifier facet. 
A large-mode area fiber, which allows us to reduce the optical intensity in the fiber 
amplifier, is promising for overcoming this drawback. A 1-mJ-level nanosecond optical 
vortex pulse was successfully achieved in the pulse repetition frequency (PRF) region 
of 10–25 kHz by using a Q-switched Nd:YVO4 master laser in combination with the 
stressed large-mode area Yb-doped fiber power amplifier. The SBS threshold limit was 
also quantitatively estimated using an experimental lasing spectrum linewidth of 
nanosecond vortex output from the fiber amplifier. 
High power picosecond vortex output was further demonstrated by using a 
continuous-wave mode-locked Nd:YVO4 master laser combined with the stressed 
large-mode area Yb-doped fiber power amplifier. An average output power of 26 W was 
experimentally obtained at an optical-optical efficiency of 41%, corresponding to a peak 
power of 30 kW. 
In addition, 532-nm-picosecond vortex generation was achieved by using a 
non-critical phase-matching LiB3O5 crystal, and an average power of 7.7 W with 
conversion efficiency of 31% was obtained. To the best of our knowledge, the output 
power obtained by frequency doubling of the optical vortex output is the highest so far 
reported. 
  A 355-nm vortex output with an average power of 34 mW was also produced at a 
conversion efficiency of 0.17% by using a critical phase-matching LBO crystal, and its 
topological charge, m = 3, was measured by an interferometric technique. 
Finally, the research carried out for this thesis is summarized, and potential avenues 
for future work are described.  
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Chapter 1 Introduction 
 
1.1 Historical background of optical vortices 
 
Since lasers were first demonstrated in 1960, their parameters, such as output power, 
spatial profile, repetition frequency, pulse width, and pulse intensity, have been widely 
manipulated in a variety of fields, including laser fabrication, laser spectroscopy. Light 
with a spiral wavefront due to a phase singularity is referred to as an “optical vortex”, 
and is exhibits an annular spatial intensity profile and a new parameter, known as orbital 
angular momentum, pointed out by Allen in 1992 [1-2] (see Fig. 1.1 and Fig. 1.2). 
The orbital angular momentum of optical vortices, defined as a projection of a 
Poynting vector on a beam cross section, is characterized by an integer, m, termed the 
topological charge, originating in a periodic boundary condition along the azimuthal 
direction in cylindrical coordinates. 
Optical vortices have been attracting much attention in several research fields, and 
they also have potential for many research opportunities, for example, optical 
manipulation [3] (Fig. 1.3), the super-resolution microscope [4-5] (Fig. 1.4), optical 
tweezers [6-7], quantum information [8], and space-division multiplexing optical 
communications [9]. 
 
Spiral-wavefront
Phase singularity
Intensity profile
 
Fig. 1.1 Basic concept of vortex output. 
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Direction of light
Orbital angular momentum
Poynting  vector
Wave front
 
Fig. 1.2 Wavefront of vortex output. 
 
 
Fig. 1.3 Optical manipulation. 
 
 
 
Fig. 1.4 Super resolution microscope [4]. 
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In recent years, high power optical vortices have opened the door to new applications, 
such as chiral material fabrication on a nanoscale and high-density plasma confinement 
[10]. Figure 1.5 shows that optical vortex laser ablation enables us to reduce debris on 
the proceeded surface, in comparison with a conventional Gaussian beam ablation 
without orbital angular momentum. Optical vortex laser ablation can be applied to 
super-fine micro fabrication for ultra-large-scale integration circuits and energy saving 
displays. 
Toyoda et al. demonstrated selective control of the chirality of metal nanostructures 
merely by reversing the sign of the orbital angular momentum [11-13] (Fig. 1.6). In 
particular, high power picosecond optical vortices with a pulse duration shorter than the 
thermal diffusion time allow us to fabricate chiral materials with less debris [14,15]. 
Such chiral nanostructures will potentially provide us new devices, such as planar chiral 
metamaterials [16], plasmonic nanostructures, and selective identification of chiral 
chemical composites [17]. 
These applications frequently require selective control of the sign of the orbital 
angular momentum of optical vortices [18].  
 
 
Fig. 1.5 Material processing using a vortex beam [11]. 
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Fig. 1.6 Chiral material fabrication using a vortex beam [13]. 
 
 
Fig. 1.7 Chiral nano-needle [14]. 
 
Also, the lasing frequencies of optical vortices must be tuned to meet the absorption 
band of materials, such as metal, semiconductors, organic materials. (Fig. 1.7). However, 
high average power optical vortex lasers have been investigated mainly in the visible 
and near-infrared (1.06 m) regions. Their frequency extension by using nonlinear 
frequency conversion processes, including second harmonic generation (SHG), third 
harmonic generation (THG), and optical parametric generation (OPO), must be 
established [19-21].  
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SHGTHG OPO
Ultra violet Visible Mid-infared Infared
532 nm 1.06 μm355 nm 2 μm1.5 μm 10 μm
355 nm~532 nm Silicon
（Computar parts and Solar panel material ablation）
1.5 m~10 m
Organic material ablation (Flat-power saving display)
 
Fig. 1.8 Absorption bands for various materials. 
 
1.2 Overview of the thesis 
 
In my thesis, I address high power nanosecond and picosecond optical vortex pulse 
generation based on a stressed Yb-doped large-mode area fiber amplifier. In addition, 
SHG and THG of the picosecond optical vortex output are related. 
In Chapter 2, I review the history and theory of the optical vortex, and I mention 
several methods to generate optical vortices and their drawbacks. 
Chapter 3 addresses the issues involved in designing a Q-switched and a 
continuous-wave mode-locked Nd:YVO4 picosecond laser used as a master laser for the 
fiber amplifier in my experiments. This chapter also addresses physical properties of the 
Nd:YVO4 crystal, including stimulated emission and absorption cross sections, and 
optical-thermal parameters. This chapter further mentions experimental results 
including the power scaling and spatio-temporal properties of the systems. 
Chapter 4 explains a transversely diode-pumped Nd:YVO4 bounce amplifier used as 
a pre-amplifier of the picosecond laser to well saturate the fiber power amplifier. This 
chapter also shows experimental results for the bounce amplifier, such as beam quality, 
power, and pulse width of the picosecond output. 
In Chapter 5, I introduce the stressed large-mode area fiber amplifier system. I also 
address mode conversion from the Gaussian mode to the vortex output in the fiber 
amplifier. Subsequently, I describe the physical properties of the Yb3+-doped fiber 
amplifier. Numerical simulations of the power scaling in the fiber amplifier are also 
presented. 
Frequency conversion of the picosecond vortex output is explained in Chapter 6. 
Nonlinear coupled-mode equations for SHG and THG, including phase-matching issues, 
are addressed. The physical properties of several nonlinear crystals are also listed. 
Chapter 7 presents the experiments on high power nanosecond and picosecond vortex 
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outputs from the fiber amplifier. This chapter describes the experimental setup, 
experimental results, the power limit due to Stimulated Brillouin Scattering in the 
nanosecond vortex output, and self-phase modulation in the picosecond vortex output. 
Chapter 8 shows SHG and THG experiments for the picosecond vortex output. This 
chapter describes the experimental setup, experimental results, and a topological charge 
conservation law.  
In Chapter 9, I conclude my thesis. 
 
1.3 References 
 
[1] L. Allen, M. W. Beijersbergen, R. J. C. Spreeuw, and J. P. Woerdman “Orbital 
angular momentum of light and the transformation of Laguerre-Gaussian laser modes”, 
Phys. Rev. A, 45(11), 8185-8189 (1992). 
[2] G. Indebetouw, “Optical vortices and their propagation”, J. Mod. Opt. 40(1), 73–87 
(1993). 
[3] Jennifer E. Curtis, David G. Grier, “Structure of Optical Vortices”,Phys. Rev. Lett., 
90(13), 133901(2003). 
[4] T. Watanabe, Y. Iketaki, T. Omatsu, K. Yamamoto, S. Ishiuchi, M. Sakai, and M. 
Fujii, “Two-Color Far-Field Super-Resolution Microscope using a Doughnut Beam”, 
Chem. Phys. Lett. 371(5-6), 634–639 (2003). 
[5] S. Bretschneider, C. Eggeling, and S. W. Hell, “Breaking the diffraction barrier in 
fluorescence microscopy by optical shelving,” Phys. Rev. Lett. 98(21), 218103 (2007). 
[6] D. G. Grier, “A revolution in optical manipulation” Nature, 424(6950), 810–816 
(2003). 
[7] J. E. Curtis, B. A. Koss, and D. G. Grier, “Dynamic holographic optical tweezers” 
Opt. Commun., 207(1–6), 169–175 (2002).  
[8] G. Molina-Terriza, J. P. Torres, L. Torner: “Twisted Photons,” Nat. Physics, 3, 
305-310 (2007). 
[9] N. Bozinovic, Y. Yue, Y. Ren, M. Tur, P. Kristensen, H Huang, A. E. Willner and S. 
Ramachandran, “Terabit-Scale Orbital Angular Momentum Mode Division 
Multiplexing in Fibers,” Science, 340, 1545-1548 (2013). 
[10] V. Skarka, N. B. Aleksi´c, V. I. Berezhiani: “Evolution of singular optical pulses 
towards vortex solitons and filamentation in air,” Phys. Lett. A, 319, 317-324 (2003). 
[11] J. Hamazaki, R. Morita, K. Chujo, Y. Kobayashi, S. Tanda, and T. Omatsu,” 
Optical-vortex laser ablation,” Opt. Exp., 18, 2144-2151 (2010). 
 16 
 
[12] T. Omatsu, K. Chujo, K. Miyamoto, M. Okida, K. Nakamura, N. Aoki, and R. 
Morita, “Metal microneedle fabrication using twisted light with spin,” Opt. Exp., 18, 
17967-17973 (2010). 
[13] M. Watabe, G. Juman, K. Miyamoto, T. Omatsu: “Light induced conch-shaped 
relief in an azo-polymer film,” Sci. Rep., 4, 4281 (2013). 
[14] K. Toyoda, K. Miyamoto, N. Aoki, R. Morita, T. Omatsu, "Using Optical Vortex To 
Control the Chirality of Twisted Metal Nanostructures", Nano Lett., 12(7), 3645–3649 
(2012). 
[15] K. Toyoda, F. Takahashi, S. Takizawa, Y. Tokizane, K. Miyamoto,.R. Morita, and T. 
Omatsu, “Transfer of light helicity to nanostructures”, Phys. Rev. Lett., 110(14), 
143603—1-5 (2013). 
[16] T. Yusufu, Y. Tokizane, K. Miyamoto, T. Omatsu: “Handedness control in a 2-μm 
optical vortex parametric oscillator,” Opt. Exp., 21, 23604-23610 (2013). 
[17] B. Bai, Y. Svirko, J. Turunen, T. Vallius: “Optical activity in planar chiral 
metamaterials: Theoretical study,” Phys. Rev. A, 76, 023811--1-12 (2007). 
[18] R. Noyori, S. Hashiguchi: “Asymmetric Transfer Hydrogenation catalyzed by 
chiral ruthenium complexes,” Acc. Chem. Res., 30, 97-102 (1997). 
[19] D. Bäuerle, Laser processing and chemistry, 3rd edn. (Springer-Verlag, Berlin, 
Heidelberg 2000). 
[20] X. Liu, D. Du, G. Mourou, "Laser Ablation and Micromachining with Ultrashort 
Laser Pulses" IEEE J. Quantum Electron., 33(10), 1716−1716 (1997). 
[21] M. C. Gower, “Industrial applications of laser micromachining”, Opt. Exp., 7(2), 
56–67 (2000). 
 
 
 
 
 17 
 
Chapter 2 Optical vortices 
 
2.1 Optical vortices and orbital angular momentum 
 
Laguerre-Gaussian modes (LG), the most conventional optical vortices, are 
eigenmodes of the paraxial electromagnetic wave equation in cylindrical coordinates. 
I start from Maxwell’s equations and material equations: 

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where is the electric permittivity (8.8 × 10-12 F/m) and  is the magnetic permeability 
(4 × 10-7 H/m). 
 
The wave equation is described by r (x,y,z) and t from (2.1) and (2.2) in combination 
with vector calculus: 
EE
2
2
t

  (2.3).  
By substituting a wave function, given by )exp()(),( tirEtrE  , into eq. (2.3), the 
Helmholtz equation is given as 
  022  Ek (2.4) 
where 22 k .  
In Cartesian coordinates, the electric field is expressed as 
)](exp[),,(),,,( tkzizyxutzyxE   (2.5). 
where u(x,y,z) is the complex amplitude of the electric field. 
By using a slowly varying approximation: 
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 (2.6), 
the Helmholtz equation is written as follows, 
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The Hermite-Gaussian (HG) modes, eigenmodes of eq. (2.7), are given as 
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(2.8), 
where m and n are the mode indices on the x and y axes, (z) is the beam waist, R(z) is 
the curvature radius, (z) is the Gouy phase, Hm and Hn are the Hermite polynomials, 
and HG
nmC ,  is the normalized electric field constant. Low-order Hermite polynomials are 
listed as 
1)(0 xH , 
xxH 2)(1  , 
24)(
2
2  xxH .  
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Fig. 2.1 Intensity profile for low-order Hermite-Gaussian modes. 
 
In cylindrical coordinates, the electric field is written as 
)](exp[),,(),,,( tkzizrutzrE    (2.9). 
Thus, the Helmholtz equation is rewritten as 
2 2
2 2 2
1 1
2 0
u u u u
ik
r r r r z
   
   
   
 (2.10). 
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The resulting LG modes are given by 
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where p is the radial mode index, m is the azimuthal mode index called the topological 
charge, and 
HG
mpC ,  is the associated Laguerre polynomial. In the case of m=p=0, the LG 
mode is fully identical with the fundamental HG mode termed the “Gaussian mode”. 
Vortex modes with m > 0 include the azimuthal phase term )exp( im  based on a 
periodic boundary condition, and they carry the orbital angular momentum, mℏ. 
Low-order associated Laguerre polynomials are listed below: 
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Fig. 2.2 Intensity profile for low-order Laguerre-Gaussian modes. 
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2.2 Hermite-Gaussian modes and Laguerre-Gaussian 
modes 
 
  The HG and LG modes, eigenmodes of the Helmholtz equation, are mutually 
orthogonal. Thus, the LG modes are also expressed using the basis of the HG modes [1]. 
A diagonal HG mode is expressed by HG01 and HG10. 
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,
2
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The LG mode is expressed by the superposition of HG modes (Fig. 2.3). 
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Fig. 2.3 Decomposition of LG modes on the basis of HG modes. 
 
2.3 Methods to generate optical vortices  
 
A spiral phase plate (SPP) [2], composed of several segments with different 
thicknesses along the azimuthal direction (Fig. 2.4) obtained by coating or chemical 
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etching, enables us to produce high power vortex pulses. If the amplitude of an incident 
beam onto the SPP is expressed by u(r, , z), the amplitude u’(r, , z) of the converted 
beam is written as 
)exp(' imuu  , (2.15) 
and m is an integer defined by 

nh
m

 , (2.16) 
where his the height of the step, n is the difference in the refractive index between the 
phase plate and its surroundings, and  is the wavelength. Thus, the SPP provides an 
azimuthal phase shift of 2m to the incident beam, resulting in the vortex output with a 
topological charge of m. 
However, the SPP has a drawback in that the vortex output includes frequently 
undesirable higher-order radial modes. In general, the vortex output u’ is decomposed 
into LG modes with amplitudes ap,m, as follows: 
   rdrdrurua mpmp ),('),(
*
,,
, (2.17) 
where up,m is the amplitude of the LG mode with indices p and m, p is the radial index, 
and m is the topological charge. For example, assuming that m=1 and the incident beam 
is a conventional Gaussian beam, the conversion efficiency from the Gaussian beam to 
the first-order vortex output, defined as |a0,1|
2, is estimated to be ~0.7. 
The phase plate is also mostly designed for a certain frequency, and it exhibits 
frequency and topological charge dispersions for ultrafast sources, such as femtosecond 
and picosecond lasers, that result in degradation of the purity of the vortex output.  
 
 
Fig. 2.4 Spiral phase plate for LG mode generation [2]. 
 
 22 
 
A holographic technique based on a spatial light modulator (SLM) is the most 
convenient solution for generating an optical vortex [3-4] (Fig. 2.5), and it enables us to 
produce a variety of optical vortices, including multiple vortices and an optical vortex 
with high-order topological charge as diffracted beams merely by designing a pattern of 
the SLM. The SLM is a liquid-crystal device displaying the numerically calculated 
holographic pattern controlled by a computer. For example, the simple two-armed 
forked holographic pattern (expressed by an interferometric fringe formed by a plane 
wave and vortex beam) can convert a Gaussian beam into a vortex beam with a 
topological charge m = 1, as shown in Fig. 2.4. 
However, the diffraction loss and low damage threshold of a SLM frequently impacts 
the power scaling of optical vortices. In generally, the damage threshold is ~10 W at 
average power and 1 kW/cm2 ~1 MW/cm2 at intensity. 
 
SLM
Gaussian 
Beam Vortex
Master laser
 
Fig. 2.5 Optical vortex generation by utilizing a spatial light modulator. 
 
Direct production of a high power vortex output from a side-pumped Nd:GdVO4 
laser with a bounce amplifier geometry has been demonstrated [5-6] (Fig. 2.6). In the 
side-pumped bounce amplifier, thermal lensing effects, given by the higher-order power 
series, is caused by asymmetric non-uniform pumping, and it plays a role in the 
selective spatial filter for the vortex mode. Thus, the laser is forced to rise a vortex 
mode with an annular intensity profile at an appropriate pump level. 
Over 18-W vortex outputs with a first-order phase singularity were produced in the 
CW and nanosecond regimes. However, in these systems, it is difficult to control the 
sign of the orbital angular momentum. The spatial quality of the vortex output is also 
degraded by a slight cavity misalignment, and it is further degraded by a varying pump 
level.  
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Fig. 2.6 Direct production of vortex output from a bounce laser cavity by utilizing 
thermal lensing effects. 
 
A pair of cylindrical lenses was proposed as a mode converter from HG modes to the 
vortex mode [7] (Fig. 2.7). The focal length of two cylindrical lenses is assumed to be f 
and the distance between the lenses is assumed to be 2d. Also, the HG10 mode is 
directed toward a lens inclined at 45 to the horizontal axis. When 2d = f2 , the phase 
difference between the decomposed HG10 and HG01 modes is tuned to be /2 due to the 
difference of Rayleigh ranges at the (x,y) plane and the (y,z) plane to produce the LG01 
mode. 
 
d d 2d
y
zx
(x,z) plane
(y,z) plane
 
Fig. 2.7 Optical vortex generation by using a pair of cylindrical lenses [7]. 
 
A stressed large-mode area fiber amplifier [8] in combination with an off-axial 
coupling technique enables us to produce high power vortex outputs in the nanosecond 
and picosecond regimes. The sign of an optical vortex can also be controlled merely by 
appropriately tuning the stress applied to the fiber amplifier. The fiber amplifier 
architecture allows us to make a compact whole system. 
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Chapter 3 Q-switched and 
mode-locked lasers 
 
3.1 Background 
 
Laser diodes (LD) having high output power and long lifetimes have become 
established, and they have been used to substitute for flash lamps. LD pumping exhibits 
several benefits, such as improvement of excitation efficiency, reduction of 
non-radiative decay, and suppression of thermal loading in the amplifier. Furthermore, 
LDs allow us to make compact solid state laser systems. 
  Pulsed lasers with a high peak power are mostly classified into Q-switched and 
mode-locked lasers, and they are better suited for nonlinear optics [1-4], laser-material 
processing [5-7] and micro-fabrication [8-10]. 
 
3.2 Q-switched lasers  
 
  Figure 3.1 shows the basic operation of Q-switched lasers. When the Q factor (the 
value is determined by the internal cavity loss) is low (the internal cavity loss is high), 
the inverted population in the laser medium is stored sufficiently, and it reaches the 
maximum value. The Q factor is then switched immediately to be high. Subsequently, 
the inversion population is converted rapidly to the photon energy in the cavity to force 
the laser to generate a giant pulse. The inversion population is stored again [12]. 
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Fig. 3.1 Basic concept of Q-switching operation. 
 
  An acousto-optic modulator (AOM) [13], which forms dynamic gratings based on an 
ultrasound wave, provides significant diffraction loss for intracavity modes, and thereby 
actively forces lasers to operate in the Q-switching mode (Fig. 3.2). The time required 
for Q-switching is determined by the propagation speed of the ultrasound wave in the 
AOM. The quality factor Q of AOM is defined by 
2
02
nv
L
Q


, (3.1) 
where 0 is the wavelength of the laser, L is the propagation length in the ultrasound 
wave, n is the refractive index of the medium, and v is the velocity of the acoustic wave. 
In the case of Q << 1, high-order diffractions occur simultaneously (Raman-Nath 
diffraction). In the case of Q >> 1 (Bragg diffraction), only a first-order diffraction 
occurs at the Bragg angle  B written as 
v
fc
B
2
0 
, (3.2) 
where fc is the frequency of the acoustic wave. The diffraction efficiency  is then given 
by  
 
n
L



 2sin
, (3.3) 
where  and L are the coupling constant and the interaction length between the incident 
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and diffracted beams, respectively, and n is the refractive index modulation induced by 
the acoustic wave. The diffraction efficiency  typically reaches ~90%. 
 
signal
回折光
0次回折光(共振光）
0 order diffracted light
(oscillation pass)
1st order diffracted light
 
Fig. 3.2 Bragg diffraction in acoustic optical modulator (AOM). 
 
3.3 Cavity design for Q-switched lasers 
 
  Figure 3.3 shows the experimental setup for the custom-made Q-switched Nd:YVO4 
master laser (nanosecond master laser). The Nd:YVO4 crystal was pumped by an 
808-nm fiber-coupled (core diameter of 200 m) continuous wave laser diode (CWLD) 
with a maximum output power of 17 W. The Nd:YVO4 crystal was mounted on a 
25-mm water-cooled copper block to maintain the temperature of the Nd:YVO4 crystal. 
The CWLD was also mounted on a copper plate cooled by a water circulating chiller, so 
that its lasing frequency met the absorption band of the Nd:YVO4 crystal. The CWLD 
output was collimated by a lens (f = 30 mm), and it was focused onto the Nd:YVO4 
crystal by a lens (f = 50 mm). The relatively large pump spot onto the Nd:YVO4 forces 
the laser to operate at multi-longitudinal (or transverse) modes, preventing nonlinear 
effects in the fiber amplifier. 
The laser cavity was formed from the Nd:YVO4 crystal facet with high reflection for 
1064 nm and anti-reflection for 808 nm and a 60% reflective output coupler. The AOM 
was driven by an 80-MHz radio frequency (RF) driver, and it was placed inside the laser 
cavity. 
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Fig. 3.3 Experimental setup for the nanosecond Nd:YVO4 Q-switched master laser. 
 
3.4 Experimental results and discussion 
 
With this system, a slope efficiency of ~35% and an output power of 4.5 W were 
measured at the Q-switching operation (PRF = 25 kHz). The output power rolled over 
the pump power of 14 W due to thermal lensing effects. A maximum output power of 
3.6 W was obtained at the maximum pump level, and a corresponding pulse energy of 
140 J was achieved. The laser output showed a Gaussian spatial form and a pulse 
width of 14 ns. The output pulse was smooth without undesired parasitic oscillation 
within a PRF range of 10–25 kHz. 
The theoretical pulse energy E in the Q-switched lasers is written as 



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
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1
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2
, (3.5) 
where Us is the saturable fluence, A is the effective mode area, R is the reflectivity of the 
output coupler, and ni and nf are the initial and final inversion densities under 
Q-switching operation, respectively. By substituting the experimental parameters 
(Us=220 mJ/cm
2, A=1.6x10-3 cm2, R=0.6, ni/nf=5–10), E is then estimated to be 140–200 
J. This value is consistent with the experimental one. 
Figures 3.4 and 3.5 show experimental plots of the output power and the spatial 
profile of the output at a pump power of 14 W. Figures 3.6 and 3.7 also show the 
temporal evolution and the pulse train of the output measured by a digital oscilloscope 
(Textronix Inc., TDS3044B). Figure 3.8 describes the lasing spectrum of the master 
laser on a logarithmic scale.  
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Fig. 3.4 Output power of the nanosecond master laser as a function of a pump power. 
 
 
Fig. 3.5 Spatial form of the nanosecond master laser. 
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Fig. 3.6 Pulse shape of the nanosecond master laser. 
 
 
Fig. 3.7 Pulse shape of the amplified nanosecond pulse laser. 
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Fig. 3.8 Lasing spectrum of the nanosecond pulse laser. 
 
3.5 Mode-locked laser 
 
  Mode-locking means the state of phase locking between axial modes in the laser 
cavity, as shown in Fig. 3.9. Axial modes with frequencies determined by the cavity 
length L and the light velocity c are allowed to lase, if they experience a gain beyond the 
lasing threshold. 
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Fig. 3.9 Schematic diagram of lasing frequencies in a cavity. 
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  Generally, phase  of each axial mode in the laser cavity fluctuates randomly. When  
is forced to be constant, each mode interferes constructively to strengthen each other at 
a period T. Therefore, the repetition frequency and the pulse width of the output in 
mode-locked lasers are determined by the round-trip time in the cavity as well as the 
spectrum bandwidth.  
The frequency interval of axial modes is given by 
𝜔𝑞 − 𝜔𝑞−1 =
𝜋𝑐
𝐿
≡ 𝜔 
, (3.6) 
where q is the integer. The electric field in a cavity is expressed by 
𝐸 𝑡 =  𝐸𝑛
𝑛
exp⁡{i  𝜔0 + 𝑛𝜔 𝑡 + 𝜙𝑛  } 
, (3.7) 
where En, n and n are the amplitude of the electric field, the mode index and the phase 
of the allowed axial modes, respectively, and 0 is the central lasing frequency. By 
assumingn = 0 and axial modes that all have the same amplitude, 1, eq. (3.7) is 
rewritten as 
= 
, (3.8) 
Thus, its output power is expressed by 
, (3.9) 
where N is the number of allowed axial modes. 
The peak value P(sT) ( s = 1, 2, 3, …) of the output power is multiplied by N. The pulse 
width 0 of the output is also determined by 0 = T/N. 
  Since the product of N and  is approximately identical to the lasing bandwidth 
, 0 is rewritten using the relationship and T = 2/
. (3.10) 
Thus, the resulting pulse width of the mode-locked laser is inversely proportional to the 
gain band. 
  To develop picosecond lasers, passive mode-locking based on a saturable absorber 
(SA) with a short relaxation time, such as a semiconductor saturable absorber mirror 
(SESAM) [14], is performed (Fig. 3.10). The reflectivity of a SESAM depends on the 
incident beam intensity, which results in cavity loss synchronized with the cavity 
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round-trip time T. The phases  of the axial modes become the same as each other to 
establish the mode-locking state [15]. 
 
LD
Cristal
HR coated
SESAM
Pulsed laser
 
Fig. 3.10 Schematic diagram of mode-locking operation based on SESAM. 
 
The pulse width of the mode-locked output, limited by the gain bandwidth of the 
laser material (e.g., Nd:YVO4) and the relaxation time of SESAM, is measured to be 
several picoseconds. A SESAM consists of a SA, a multi-layered reflection mirror, and 
the base material, and its absorption as a function of the incident intensity is written as 
α(𝐼) =
α0
1 + 𝐼/𝐼𝑠
 
, (3.11) 
where Is is the saturable intensity. 
In our experiment, a saturable output coupler (SOC), which combines an output 
coupler with a saturable absorber mirror, is used (Fig. 3.11). 
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Partial reflector
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SOC - Saturable Output Coupler
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Fig. 3.11 Structure of saturable absorbed output coupler (SOC). 
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3.6 Cavity design for passively continuous-wave 
mode-locked lasers 
 
A schematic diagram of the experimental setup for the custom-made mode-locked 
picosecond laser system is shown in Fig. 3.12. An a-cut 1.0% Nd-doped YVO4 crystal 
with dimensions of 3 × 3 × 3 mm was used for the laser medium had coating of S1 (LD 
side: AR @ 808 nm, HR @ 1064 nm) and S2 (cavity side: AR @ 1064 nm & 808 nm). 
The Nd:YVO4 was mounted on a 25 mm copper block with a water cooling device to 
maintain its temperature, and it was also pumped by a couple 808 nm fiber (core 
diameter of 105 m), 4 W LD (BWT BEIJING, K808D04F-4.00W-01000-J3A2F). A 
folding cavity was formed by four mirrors. An intracavity 500-mm lens was also 
focused on the cavity mode at a spot on the SOC (BATOP, SOC-1064-2.7-12.7g) with a 
modulation depth of 1.7%, an initial absorption of 2.7%, a coupling loss of 3.2%, and a 
relaxation time of ~1 ps. Thereby, the SOC had efficient saturating absorption. The 
cavity length was ~1.5 m. Thus, the pulse repetition frequency of the system was ~100 
MHz. 
 
SOC
Δ R = 1.7 %
Absorptance : 2.7 %
Transmittance : 3.2 %
relaxation time ~ 1 ps
1.0%  Nd:YVO4
a-cut  3×3×3 mm
S1 : AR@808nm, HR@1064nm
S2 : AR@1064nm&808nm
LD
4W, 808nm
Cavity length : 1.5 m
Pulse laser
f = 500
f = 30
 
Fig. 3.12 Experimental setup for a mode-locked picosecond master laser with SOC. 
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3.7 Experimental results and discussion 
 
Below a pump power of ~3 W, the system exhibited Q-switched mode-locking 
operation. Above a pump power of ~3 W, the system produced stable CW mode-locked 
pulses. Figure 3.13 shows the output power of the system as a function of the pump 
power. A maximum output power of 160 mW was achieved at a pump power of 4 W; 
this corresponds to an optical-optical efficiency of 4%. Figure 3.14 shows the 
experimental temporal evolution of the autocorrelation trace. The pulse width for the 
picosecond output was measured to be 9.7 ps. 
Stable CW mode-locking is described by the following general formula: 
RSUSUE GGAAp  , (3.12) 
where Ep is the intracavity pulse energy, UA and UG are the saturable fluences of the 
amplifier and SESAM, respectively, SA and SG are the effective mode areas in the 
amplifier and SESAM, respectively, and R is the modulation depth of the SESAM. By 
substituting the experimental parameters (UA=70 J/cm2, UG=220 mJ/cm2, 
SA=SG=7.8x10
-5 cm2, R=0.017), Ep is estimated to be >50 nJ (corresponding output 
power >145 mW). This value is consistent with the experimental value. 
 
 
Fig. 3.13 Output power of a mode-locked picosecond laser as a function of a pump 
power. 
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Fig. 3.14 Pulse shape of the mode-locked picosecond laser. 
 
The picosecond output had a nearly Gaussian spatial form, as shown in Fig. 3.15. The 
pulse repetition frequency of the system was ~90 MHz (Fig. 3.16). As shown in Fig. 
3.17, the spectrum linewidth (FWHM) of the picosecond output was also measured to 
be 0.4 nm. The general relationship between the pulse width and the spectrum linewidth 
is 
kt   , (3.13) 
where t is the pulse width, and  is the spectrum linewidth. By assuming that the 
pulse has a Gaussian spectral function, k is 0.441. Thus, the Fourier transform limit was 
estimated to be 4.2 ps. 
 
 
Fig. 3.15 Intensity profile for the mode-locked picosecond laser. 
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Fig. 3.16 Pulse train of the modelocked pico-second laser. 
 
 
Fig. 3.17 Lasing spectrum of the mode-locked picosecond laser. 
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Chapter 4 Bounce amplifier 
 
4.1 Nd-doped materials 
 
  An energy diagram for electronic transitions in Nd3+ ions is shown in Fig. 4.1. 
Nd3+-doped crystals [1-6] exhibit laser action in the near-infrared region of 900~1300 
nm. The Nd3+ ions, excited to the 4F5/2 level by ~800-nm pumping, are transferred 
immediately to the 4F3/2 level through a non-radiation decay process. The laser 
transitions in Nd3+ ions occur from the 4F3/2 level to the 
4I9/2 (~900 nm), 
4I11/2 (1.06 m) 
and 4I13/2 (1.3 m) levels. In particular, laser emission occurs efficiently at 1064 nm 
(typical 4 level laser system) at room temperature.  
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Fig. 4.1 Energy level diagram for Nd3+ ion. 
 
As shown in Fig. 4.2, the fractional thermal loading in Nd3+ lasers is caused by 
several non-radiative processes, listed below. 
(1) Energy quantum defect, i.e., an energy gap between the pump and laser photons. 
(2) Cross-relaxation, in which the energy of one excited ion is transferred in part to an 
unexcited ion, and their energies are dissipated via multi-phonon decay. 
(3) Up-conversion (Auger recombination) [7-8], in which the energy of one excited Nd 
ion is transferred to another excited ion, and their energies are then dissipated. 
(4) Excited state absorption [8-9], where one excited ion is highly excited by the 
absorption of a pump or a laser photon and subsequently undergoes non-radiative decay. 
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Fig. 4.2 Energy transition diagram for Nd3+ ion. 
 
  The physical parameters of Nd:YVO4 are listed in Table 4.1 [10]. In general, the laser 
threshold is inversely proportional to the product of the simulated emission 
cross-section e and fluorescence lifetime . (“saturation intensity Is” is defined here as 
ℏ/e.) The Nd:YVO4 used in the experiments exhibits an extremely low lasing 
threshold in comparison with other Nd3+ materials [11]. 
 
Table. 4.1 Specifications of various Nd3+ lasers [10]. 
  Nd:YLF Nd:Glass Nd:YAG Nd:YVO4 
e (cm2) 1.2×10-19 0.34×10-19 6.5×10-19 2×10-18 
(s) 480 320 230 90 
Is (kW/cm2) 6.2 33 2.4 2 
 
4.2 Nd:YVO4 slab bounce amplifier 
 
  Bernard et al. [12-13] proposed a transversely pumped bounce amplifier formed from 
a Nd:YVO4 slab, as shown in Fig. 4.3. The bounce amplifier geometry, in which the 
inversion populations at high density are produced near the pump surface, enables us to 
develop a high amplification without a regenerative amplifier configuration. In 
particular, Nd:YVO4 bounce amplifiers have been successfully demonstrated to produce 
over a 1,000 single-pass gain in the CW, nanosecond and picosecond regimes. However, 
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they have the drawback of severe thermal effects. To date, undesired thermal effects 
have been overcome by using a thin slab crystal [14-15] and Rh:BaTiO3 for phase 
conjugation [16]. 
 
 
Fig. 4.3 Schematic diagram of a bounce amplifier. 
 
Figure 4.4 shows the experimental setup of the Nd:YVO4 slab bounce amplifier 
system. A 1-mm-thick slab was adopted in the present experiments. The master laser, 
which is the picosecond Nd:YVO4 laser described in Chapter 3, was loosely focused to 
an ellipsoidal spot on the Nd:YVO4 slab (1 mm x 5 mm x 20 mm, 1 at% Nd doping) 
bounce amplifier at an angle of 15 relative to the pump face. The Nd:YVO4 slab crystal 
was wedged at an angle of 5 to prevent undesired laser oscillation in the crystal. The 
Nd:YVO4 slab was transversely pumped by a 808-nm CW LD. 
Figure 4.5 shows the experimental output power as a function of the pump power. 
The maximum output power reached 5.3 W at the pump power of 45 W, which 
corresponds to the optical conversion efficiency of 12%. The amplified output showed a 
slightly elliptical Gaussian spatial form due to asymmetric thermal lensing effects in the 
amplifier, as shown in Fig. 4.6. Numerical analysis of the output power from the bounce 
amplifier was performed by using the partitioned gain model (Fig. 4.7) and the 
continuous-wave gain saturation formula g(I), written as 
sII
g
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)( 0

 , (4.1) 
where I is the intensity of the incident beam, Is is the saturation intensity, and g0 is the 
small signal gain, respectively. The simulations and experiments showed good 
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agreement. 
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 Fig. 4.4 Experimental setup for the Nd:YVO4 slab bounce amplifier. 
 
 
Fig. 4.5 Output power of the bounce amplifier as a function of pump power (crystal 
length l0 = 2 (cm), small signal gain g0 = 2.25 (cm
-1) at a pump power of 45 W, the 
number of the partition N = 1000). 
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Fig. 4.6 Intensity profile for the picosecond laser amplified by the bounce amplifier. 
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Fig. 4.7 Partitioned gain model in the bounce amplifier. 
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Chapter 5 Fiber amplifier 
 
5.1 Background 
 
In 1964, the first demonstration of a fiber amplifier was performed by Koster and 
Smizer. However, the effective gain was not enough for laser amplifiers [1]. A high-gain 
Er3+-doped fiber amplifier at 1.54 m (used for optical communication) was 
demonstrated in 1987 [2], and it boosted the research activity of the fiber amplifier. [3] 
Generally speaking, a fiber amplifier requires high gain, large bandwidth, high power, 
low noise, high stability and low cost. Many researchers have intensively investigated 
the development of fiber amplifiers and improvement of their performance. 
  The Yb-doped fiber amplifier [4-5] used in the present experiments shows a broad 
emission band around a wavelength of 1.06 m, and it has several excellent features, for 
example, 1) high single-pass gain due to a long interaction length, 2) efficient heat 
removal due to a large surface area, 3) high-energy pulse generation by a large core 
cross section, 4) appropriate numerical aperture (NA) for vortex mode generation. 
 
5.2 Structure of the fiber amplifier 
 
  An optical fiber, a long thread made of glass, consists of a core and a clad. To import 
light into the core, the refractive index difference between the core and the clad is 
typically < 10-3. The numerical aperture (NA), meaning the maximum permitted incident 
angle, is defined as 
sin
2
2
2
1  nnNA  (5.1), 
where n1 and n2 are the refractive indices of the core and the clad, respectively. 
 The V-value, showing how many laser modes can propagate in step index fibers, is 
written as 
NA
D
V

2  (5.2), 
where D is the radius of a fiber core and  is the laser wavelength [6]. For example, a 
single-mode fiber with a small D (< 10 m) allows only the Gaussian mode (first order 
laser mode) to propagate within it, and its V-value is estimated to be less than 2.4. The 
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fiber used in the present experiments has a V-value of 5.3 (Fig. 5.1), thereby permitting 
the LP01, LP11, LP21, LP02 modes to propagate in the core [7-9]. In our vortex generation 
system, only the LP11 mode is needed. The LP01 mode is suppressed by the off-axial 
injection of the master laser into the fiber amplifier. The LP02 and LP21 modes are 
undesired higher modes. By looping the fiber amplifier, they go out from the fiber core 
to the fiber clad. A fiber with a smaller V-value of <4 might enable us to suppress the 
undesired higher-order LP21 and LP02 modes. However, it shows a drawback such as the 
optical damage as well as undesired nonlinear effects, resulting in the limitation of the 
power scaling of the system. 
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Fig. 5.1 Normalized frequency V as a function of normalized propagation parameter [7] 
and spatial profiles raised in the fiber. 
 
 
  Double-clad fiber is promising for scaling the output power of the system through 
high pumping into the fiber amplifier [10] (Fig. 5.2). 
 The first clad around a fiber core works as a waveguide for the pump laser, and the 
second clad works as a clad for the pump laser. The double-clad fiber brings several 
benefits, such as easy coupling of the pump laser to a fiber, high power pumping, and 
less risk of optical damage. 
 47 
 
 
Clad n2
 Core n1 n(r)
Protect polymer
Pump laser
Master laser
 
Fig. 5.2 Schematic diagram of a double-clad fiber and beam propagation. 
 
  In general, the polarization of the output from a normal fiber is scrambled because of 
stress or bending of a fiber. A polarization-maintaining (PM) fiber [11] allows the output 
to maintain the original polarization of the input. Also, polarized modes can propagate 
independently in a fiber without any energy coupling. 
  A polarization-maintaining and absorption-reducing (PANDA) fiber, a typical PM 
fiber (Fig. 5.3), has stress-applying parts on either side of a fiber core. The 
stress-applying part is made of SiO2-doped Boron (B). The fiber core is also stressed 
anisotropically, thereby yielding birefringence in the core. 
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Fig. 5.3 Schematic diagram of PANDA fiber. 
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  When highly intense optical pulses propagate in the fiber core, self-phase modulation 
(SPM) due to the Kerr effect causes nonlinear phase delay, which leads to spectrum 
broadening of the pulse [12]. The nonlinear refractive index of a silica fiber is  
Innn 20   (5.3), 
where n0 is the refractive index of silica fiber, n2 is the nonlinear refractive index, and I 
is the pulse intensity. The typical value of the nonlinear refractive index n2 of silica fiber 
is 3.0 × 10-16 cm2/W [13]. A Gaussian-shaped pulse propagates in the optical fiber. Then, 
the frequency in the leading edge of the pulse shifts toward red, and it further shifts 
toward blue at the tailing edge of the pulse. The B integral for SPM is defined as  
 (5.4), 
where  is the wavelength of the light and L is the length of the optical fiber [14]. When 
the B integral is estimated to be > , the spectrum broadening effects due to SPM occur 
significantly. 
 The lasing spectrum is modulated as shown in Fig. 5.4. [15] Simulation of a 
spectrum waveform affected by SPM is shown below. By assuming that an incident 
pulse has a Gaussian temporal profile, an electric field of the incident pulse with 
self-phase modulation is written as 
    ztIi
t
EtE 

expexp
2
2
0 






, (5.5) 
where E0 is the amplitude of the electric field,  is the initial pulse width 
(FWHM~2.35),  is the nonlinear refractive index coefficient, and I(t) is the pulse 
intensity. Thus, the lasing spectrum E() of the output pulse is given by 
    dtetEE ti

, (5.6) 
where  is the frequency. Spectrum modulation of the output pulse occurs significantly 
at high pulse intensity. 
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Fig. 5.4 Simulations of spectrum broadening effected by self-phase modulation (SPM). 
 
When the high-intensity pulse propagates in a fiber core with a small diameter, not 
only SPM but also Stimulated Brillouin Scattering (SBS) [16], in which the pulse is 
back-scattered in the fiber, occurs. In particular, the backward scattered light due to SBS 
is significantly amplified, and it impacts the power scaling of the system. The SBS gain 
[16] is written as 
 
)1(,
/1 B
B ILgg
 

 (5.7) 
where gB is the SBS gain coefficient, I is the peak intensity of the vortex output, L is the 
length of the fiber amplifier,  is the spectrum linewidth of the vortex output and B 
is the SBS gain band. When the SBS gain reaches 7~8, the backward scattered light 
starts to build up dominantly. 
 
5.3 Yb-doped fiber 
 
  An energy diagram for Yb3+-doped silica glass is shown in Fig. 5.5. The ground 
manifold 2F7/2 level consists of four Stark levels. A well-separated excited manifold 
2F5/2 
above the ground level consists of three Stark levels [4]. 
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Fig. 5.5 Energy level diagram for Yb3+ ions. 
 
  The Yb3+-doped lasers have attracted much attention because of their advantages, 
such as extremely high quantum efficiency (> 90%), no excited state absorption, and a 
cross section of broad absorption (from 800 nm to 1064 nm) and emission (from 900 
nm to 1200 nm), due to only two transition levels.  
  Figure 5.6 shows the absorption and emission cross sections for Yb3-doped silica [4].  
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Fig. 5.6 Absorption and emission cross section for Yb3+-doped silica [4]. 
 
The Yb3+-doped silica has two absorption bands around 975 nm and 915 nm. A 975-nm 
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laser diode is mostly used for the pump laser to achieve highly efficient gain. It also 
shows a broad emission band around 1030 nm to efficiently amplify 1-m broadband 
lasers. Furthermore, the Yb3+-doped silica exhibits several features, such as low 
concentration quenching, long fluorescence lifetime (~1 ms), and high energy storage. 
Numerical analysis of the amplified output power from the fiber can be performed by 
using the rate equations stated below [4]. 
The pump power P(z) in the fiber amplifier is given by 
zN
P
PzP
P
zP
ap
s



)0()(
)
)0(
)(
ln(  (5.8), 
where P(0) is the input pump power, Ps is the pump saturation power, N is the 
population density of Yb ions at ground level, and ap is the absorption cross section for 
975 nm, respectively. 
  The inverted population N2 at z formed by absorption of pump power is written as  
f
pc zNhA
dz
zdP

 )()( 2
  (5.9), 
where Ac is the area of the core, hp is the pump photon energy, and  is the florescence 
lifetime. Using N2, the gain g(z) in the fiber amplifier is given by 
alel zNNzNzg  ))(()()( 22   (5.10), 
where el and al are the emission and absorption cross sections for 1064 nm. Thus, the 
amplified laser intensity is given by the saturated amplifier equation as follows, 
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

 
 (5.11), 
where  is the spatial overlapping efficiency between the laser mode and the fiber core, 
and Is is the saturation intensity. 
 
5.4 Fiber mode converter for vortex modes 
 
  This section explains how to generate a vortex output from a stressed large-mode area 
fiber. Figure 5.7 shows the basic concept of mode conversion in the fiber amplifier. 
 A master laser with a Gaussian spatial form is off-axially injected into the fiber 
amplifier to force the fiber to selectively lase LP11 (line polarization with a HG01 spatial 
profile) modes. LP11 can be decomposed into orthogonal LP11 modes (i.e., HG01 and 
HG10 modes). Vortex output with a topological charge m=1 can be generated by 
providing an additional /2 phase shift to the HG01 (or HG10 ) mode. In fact, the 
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birefringence is induced by the appropriate stress on the fiber amplifier to generate the 
vortex output. 
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Fig. 5.7 Schematic diagram of a mode conversion in the fiber amplifier. 
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Chapter 6 Frequency conversion of 
vortex lasers 
 
6.1 Background 
 
  Visible and ultraviolet lasers (UV ~800 nm) are used in a variety of fields, such as 
optical data storage, laser displays. In addition, the absorption bands of many industrial 
materials (e.g., silicon, gallium arsenide, cadmium sulfide) are located in the visible and 
ultraviolet regimes. Visible lasers will also play an important role in exploring future 
science. 
  However, it is difficult for visible and ultraviolet lasers to be still developed 
according to Einstein's transition theorem, in which the probability of spontaneous 
emission is proportional to simulated emission × 3. 
 Thus, high power pumping (or high voltage) is required to obtain a laser at a visible 
wavelength, for example, the Ar+ laser (488 nm, 515 nm) and the He-Cd (442 nm) laser. 
Output power and conversion efficiency of these lasers is mostly very low. An excimer 
laser for UV lasers also needs frequent maintenance of mixed gases. 
  An alternative solution is a nonlinear frequency conversion technique based on a 
nonlinear responding interaction between high power lasers and a material. The first 
demonstration of nonlinear frequency conversion is the second harmonic generation 
performed by using a crystalline quartz laser in combination with a ruby laser ( = 694 
nm) [1]. Since then, the nonlinear frequency conversion has been widely investigated to 
extend the frequency of lasers by many researchers.  
In the present experiments, the second and third harmonics generations (532 nm and 
355 nm) of a 1064-nm vortex laser were investigated. 
 
6.2 Second-order nonlinearity 
 
  When the light intensity is low, a material exhibits a linear response, i.e., the 
dielectric constant of the material remains unchanged. A highly intense optical field, 
such as a focused laser, induces polarization proportional to the square of the optical 
field. Such phenomenon based on a nonlinear response of a material is called a 
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nonlinear optical phenomenon, and it depends on the nonlinear susceptibility of the 
material. 
 When the laser frequency is away from the resonant frequency of the material, the 
polarization P is given as 
 3)3(0
2)2(
0
)1(
0 EEEP  . (6.1) 
where E is the optical field, 0 is the dielectric constant in a vacuum,  is the linear 
susceptibility, and n (n ≧ 2) is the nonlinear susceptibility. The first order term on the 
right side of (5.1) is a linear response with the relationship of 
)1(2
1 n . (6.2) 
In particular, the nonlinear response determined by  induces various phenomena, 
such as frequency doubling, sum frequency generation and parametric oscillation, listed 
below in Table 6.1. 
 
Table 6.1 List of nonlinear phenomena. 
Nonlinear phenomenon Input frequency Output frequency
Second harmonics  
Sum frequency generation  3
Difference frequency generation  3
Parametric oscillation 3   
 
6.3 Coupled-mode equations 
 
The general relationship between the polarization P and electric field E, including 
nonlinear polarization of a material proportional to the nth (the order of harmonic 
generation: n=2, 3, 4, …) power of the electric fields, is written as 
 3)3(2)2()1( EEEP  , (6.3) 
where (1) is the linear susceptibility, and (n) (n=2, 3, 4, …) is the nonlinear 
susceptibility. The electric field E is written in terms of the frequency , the complex 
amplitude E0 and the time t as 
)exp()( 0 tiEtE  . (6.4) 
Thus, the polarization is described by  
 )3exp()2exp()exp()( 0
)3(
0
)2(
0
)1(
tiEtiEtiEtP  . (6.5) 
    The Maxwell equation is written as 
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t
B
E



(6.6) 
t
D
jH


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
, (6.7) 
where E(r,t) is the electric field, H(r,t) is the magnetic field, B(r,t) is the magnetic flux 
density, D(r,t) is the dielectric flux density, and j is the current density. The relationship 
between E(r,t), H(r,t), B(r,t) and D(r,t) is given by 
 ED  (6.8) 
 HB  . (6.9) 
They are rewritten using the nonlinear polarization PNL, 
 
NLPED   . (6.10) 
The first term consists of  = 0[1+ (1)] and linear polarization P=0(1)E. To simplify, 
we assume that polarizations P and PNL are parallel and are written in scalar form. PNL is 
rewritten using the nonlinear coefficient d as 
 2EdPNL  . (6.11) 
The electromagnetic wave equation is derived as 
 2
2
2
2
2
2
2
E
t
dE
t
E
z 








. (6.12) 
Next, we assume that an electromagnetic field propagating on the z axis in a nonlinear 
material is a sum of plane waves with frequencies 1, 2, and 3. 
      ..)(exp)(exp)(exp),( 333222111 cczktiEzktiEzktiEtzE    (6.13). 
By substituting (6.13) into (6.12), a coupled equation for E1 is obtained as follows,  
   )(exp)(exp2 111
2
11111 zktiEkzktiE
dz
d
ik  
 
   ))((exp)(exp 231
*
23
2
1221
2
1 zkktiEEdzktiE    (6.14). 
By using a slow-varying approximation, 
 
)()( 12
2
1 zE
dz
d
zE
dz
d
k 
. 
and the relationships of 1 + 2 = 3 and k12 = ω1201, eq. (6.14) is rewritten as 
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d
ik )(exp2 321
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2
111  
, (6.15) 
thus, 
 zkkkiEdEiE
dz
d
)(exp
2
1
321
*
23
1
11 



. (6.16) 
Coupled equations for E2 and E3 are given by, 
 zkkkiEdEiE
dz
d
)(exp
2
1
321
*
31
2
2
*
2 



, (6.17) 
 zkkkiEdEiE
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d
)(exp
2
1
32121
3
33 



. (6.18) 
Such coupled equations show the interaction of each optical field with frequencies 1, 
2, and 3 via nonlinear coefficient d. For efficient interaction, energy conservation (1 
+ 2 = 3) and momentum conservation (k1 + k2 = k3) laws are needed. 
  The resulting electric field E3(z) is given by 
 
kL
kLi
EE
dL
zE



exp1
2
)( 21
3
3
3


, (6.19) 
where k(=k1+k2–k3,) is the phase mismatch, L is the interaction length, and E1 and E2 
are the electric fields with frequency 1 and 2, respectively. The intensity is expressed 
as 
2
||
2
1
E
A
P
I



, (6.20) 
where A is the cross-sectional area of the incident beam. When k=0 (perfect phase 
matching) and 1=2, the resulting second harmonic conversion efficiency (=P3/P1) is 
given by 
1
3
2
1
222
3
2/3
0
I
nn
Ld


 






 . (6.21) 
In the case of nonlinear frequency conversion processes pumped by the vortex laser, 
written as 
)exp()exp()( 0  imtiEtE  , (6.22) 
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a topological charge conservation law, m1 + m2 = m3, is also required. 
In particular, frequency conversion in the case of 1 = 2 =  and 3 = 2 is called 
second harmonic generation (SHG). Frequency conversion in the case of 1 = , 2 = 
2 and 3 = 3 is called third harmonic generation (THG). 
 
6.4 Nonlinear crystals   
 
Table 6.2 Physical parameters of nonlinear materials. 
LBO KTP BBO LN
(LiB3O5) (KTiOPO4) (β-BaB2O4) (5%MgO) (LiNbO3)
Effective nonlinear coefficient (pm/V) 1.16 3.18 1.94 4.7
Absorption (cm
-1
) 0.005 0.01 0.005 0.002
18.9 0.45 10 0.1
(1053nm,1.3ns,1Hz) (1064nm,10ns,10Hz) (1064nm,100ps) (1064nm,10ns,1Hz)
Walk-off angle (°) - 0.26 3.19 0
1080-3810
2.23
Material
492-1700 410-3500
1.56 1.74 1.65Refractive index n(ω) @1064 nm
Damage threshold (GW/cm
2
)
Phase-matching wavelength (nm) 550-2600
 
 
The second-order nonlinear crystals are listed in Table 6.2 [2]. To achieve efficient 
frequency conversion, the momentum conservation law (phase matching) must be 
established. In general, the velocity of the fundamental wave is different from the 
velocity of the second harmonics in a nonlinear crystal due to the wavelength dispersion 
of the refractive index. The result is that the second harmonics and the fundamental 
wave are out of phase. When the phase difference between the second harmonics and 
the fundamental wave becomes  at a coherent length lc, the second harmonics vanish. 
LBO is a typical nonlinear crystal for high power SHG and THG [3-5] because of its 
high damage threshold compared with KTP and PPSLT. In particular, the LBO crystal 
(Type I) has a broad acceptance wavelength bandwidth of 3.8 nm∙cm [6], and also 
enables us to perform non-critical phase matching (NCPM) without walk-off effects. 
The LBO crystal (Type II) is used for THG with high pumping power. Thus, the LBO 
crystal was used for SHG and THG in the present experiments [7-9]. 
The phase-matching conditions are classified into Type I or Type II, as shown in Fig. 
6.5. In Type I, the polarization of the fundamental wave (ordinary or extraordinary 
wave) is orthogonal to that of the second harmonics (extraordinary or ordinary wave). In 
Type II, the fundamental waves (ordinary and extraordinary waves) with orthogonal 
polarizations produce the linearly polarized second harmonics (ordinary or 
extraordinary wave). 
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Fig. 6.1 Type I or Type II phase matching. 
 
6.5 Non-critical phase matching 
 
Phase matching (n0=ne) between the fundamental wave (ordinary ray) and the second 
harmonics (extraordinary wave) is frequently established by using the natural 
birefringence of an anisotropic crystal (angle phase-matching technique) [9]. 
In an anisotropic material, the refractive index of an extraordinary ray varies according 
to an angle  between the propagation direction of an extraordinary ray and the optical 
axis z, and it is written as 
  2
2
2
0
2
2
sincos
)(
1
ee nnn



, (6.23) 
where n0 is the refractive index of the ordinary ray, and ne is the refractive index of the 
extraordinary ray propagating along the z-axis. In a negative uniaxial crystal with ne < 
n0, the phase-matching, i.e., ne
2mn0is established at the angle m (see Fig. 6.2). 
z
k
Pe=E×H
x
ρθm
ne
2()
no
ω no
2ωne
ω ne
2ω
no
()
→
→ → →
 
Fig. 6.2 Refractive index surface for angle phase matching. 
 
 
 60 
 
  However, the angle phase-matching technique induces walk-off effects, in which the 
ordinary and extraordinary waves propagate separately in the crystal [10] (Fig. 6.3). The 
walk-off angle , described as the angle between the injected angle of the fundamental 
wave and the Poynting vector of the second harmonics, is given by the following 
formula, 


d
dn
n
e
e
1
 . (6.24) 
 In the case of optical vortices, the walk-off effects frequently cause spatial separation 
of phase singularities, as shown in Fig. 6.4. A promising solution to avoid spatial 
separation is to use a non-critical phase-matching LBO crystal, in which the 
phase-matching angle m is 0 or 90 (see Fig. 6.5). The LBO crystal used in our 
experiments allows us to perform NPCM, and the crystal temperature is then ~149. 
 
NL

PolarizationWalk-off angle
 
Fig. 6.3 Walk-off effects in a nonlinear crystal. 
 
 
Fig. 6.4 Spatial separation of phase singularities. 
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Fig. 6.5 Refractive index surface and non-critical phase matching (NCPM). 
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Chapter 7 Vortex fiber lasers 
 
7.1 Picosecond vortex fiber lasers 
 
  A schematic diagram of the experimental setup for the high power picosecond fiber 
laser system is shown in Fig. 7.1. The master laser was a continuous-wave mode-locked 
Nd:YVO4 laser using a SESAM (see Chap. 3.6). The master laser had an output power 
of 5.3 W, a pulse width of 9.7 ps and a pulse repetition frequency (PRF) of 90 MHz. An 
optical isolator was formed by a polarizing beam splitter (PBS), a Faraday rotator (FR), 
and a half-wave plate (HWP) to prevent backward output from the fiber amplifier. 
  The fiber amplifier used was a polarization-maintaining large-mode area Yb3+-doped 
double-clad fiber with a length of 3.8 m, a core diameter of 30 μm (a core NA of 0.06) 
and a cladding diameter of 400 μm (a clad NA of 0.46). The input surface of the fiber 
for the master laser was an 8° off-angle cut to prevent self-lasing inside the fiber 
amplifier. The fiber amplifier was wound in coils with a diameter of 17 cm to prevent 
undesired higher-order modes propagating in the fiber amplifier. The master laser was 
also off-axially injected by an objective lens (×10, NA: 0.25) into the fiber amplifier, so 
that LP11 modes selectively raised. Two polarization controllers (PolaRITE, General 
Photonics, 7.5 cm long) were used to provide stress appropriately to the fiber amplifier. 
The polarization extinction ratio (PER) was estimated to be 13:1. 
  The coupling efficiency of the master laser to the core of the fiber amplifier was 
measured to be ~30%. A 200-m fiber coupled, 975-nm CW-LD with an output power 
of 70 W was used, and its output was delivered by an aspheric lens pair to a clad of the 
fiber. A dichroic mirror (high reflectivity for 1.06 m and high transmissivity for 975 
nm) was placed inside the aspheric lens pair to eject the vortex output. 
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Fig. 7.1 Experimental setup for the high power picosecond vortex laser system. 
 
7.2 Experiments and discussion 
 
A maximum average power of 26 W was obtained at an absorbed power of 63 W, 
corresponding to an optical-optical efficiency from the laser diode to the vortex output 
of 41% (Fig. 7.2). Good consistency was found between the experimental plots and the 
simulation plots based on the rate equations mentioned in Chap. 5.3. The parameters 
used in the simulations are listed in Table 7.1. The vortex output exhibited a doughnut- 
shaped spatial profile due to phase singularity (Fig. 7.3). To investigate the wavefront of 
the vortex output, an interferometric technique was performed by using the vortex 
output and its reference plane wave. Figures 7.4(a) and (b) show the upward (or 
downward) Y-shaped fringes (fork fringes), indicating that the vortex output had a 
topological charge m of ±1. The sign of the topological charge was selectively 
controlled by tuning the stress applied to the fiber amplifier. The vortex output had a 
beam propagation parameter M2 of ~2, a pulse width of 9.5 ps, and a peak power of 30 
kW (Figs. 7.5, 7.6). 
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Fig. 7.2 Output power of picosecond vortex laser as a function of a pump power. 
 
Table 7.1 Parameters for calculation of the picosecond vortex output power from the 
fiber amplifier 
Pump saturation power 
Total population 
Absorption cross section for 980nm 
Absorption coefficient 
Cross-section of fiber core 
Photon energy of pump wavelength 
Lifetime 
Stimulated emission cross section for 1.06m 
Absorption cross section for 1.06m 
Mode matching efficiency 
Saturation intensity 
Ps = 8.5W 
N = 1.7×1020 
ap = 2.5×10-20 cm2 
 = 0.025 cm-1 
Ac = 7.06×10
-6 cm2 
hp = 2.03×10-19 J 
  = 1.0×10-3 s 
el = 2.0×10-21 cm2 
al = 1.0×10-22 cm2 
= 0.48 
Is= 9.3×10
4 W/cm2 
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Fig. 7.3 Intensity profile for the vortex output. 
  
  
(a)                    (b) 
Fig. 7.4 Fringes formed by a vortex output and its reference plane wave. (a) clockwise 
(b) anti-clockwise. 
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Fig. 7.5 Beam propagation of the vortex output. 
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Fig. 7.6 Temporal evolution of the vortex output. 
 
SPM in the fiber amplifier broadened the lasing spectrum of the vortex output. By 
using eq. (5.4), the B integral was approximately estimated to be ~10. This value is 
almost identical with that (~14) estimated from the experimental spectrum broadening 
effects. Figure 7.7 also shows full linewidth of the spectrum (13.5% of the peak 
intensity) of the vortex and Gaussian outputs at various absorbed powers. The spectrum 
linewidth of the Gaussian output was measured to be 4.4 nm at the maximum pump 
level. In contrast, the vortex output with a doubled mode field of that of the Gaussian 
mode showed a spectrum linewidth of 2.2 nm (FWHM of 1.2 nm), corresponding to a 
half of that of the Gaussian output (Fig. 7.8). These results indicate that the vortex 
output allows us to perform an efficient SHG with less SPM effects.  
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Fig. 7.7 Spectrum linewidth of the Gaussian and the vortex outputs as a function of an 
absorbed power. 
 
 
Fig. 7.8 Measured spectra of the master laser, the Gaussian and vortex outputs at the 
maximum pump level. 
 
7.3 Nanosecond vortex fiber lasers 
 
The experimental setup for the nanosecond fiber laser system is shown in Fig. 7.9. 
The master laser was a custom-made, AO-Q-switched Nd:YVO4 laser with an output 
power of ~3.5 W, a pulse width of 14 ns and a PRF of 10–25 kHz. An optical isolator to 
prevent strong optical feedback due to SBS [1] was formed by a PBS, an FR, and an 
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HWP. The polarization-maintaining large-mode area Yb3+-doped double-clad fiber had a 
core diameter of 30 m (NA = 0.06), a clad diameter of 400 m (NA = 0.46) and a 
length of 3 m. The fiber amplifier was bent into a ring with a diameter of 15 cm to 
suppress the undesired higher-order modes. Both facets of the fiber amplifier had an 8° 
off-angle cut to prevent parasitic oscillation in the fiber amplifier. An end facet of the 
fiber amplifier was capped by a coreless fiber to avoid optical damage due to the 
enhanced optical field. The fiber amplifier was pumped by a 975-nm fiber coupled (200 
m core diameter) CW-LD. The maximum pump power was measured to be 60.7 W. 
The master laser was off-axially injected into the fiber amplifier by the objective lens 
(×10, NA: 0.25), and led to efficient in-phase coupling of the orthogonal LP11 modes. 
The ratio of the transmitted master laser power through the fiber core with no pumping 
to the incident master laser power was measured to be ~10%. Two polarization 
controllers (PolaRITE, General Photonics, 7.5-cm long) provided the stress to the fiber 
amplifier to convert the LP11 modes to the vortex output. The PER of the vortex output 
was typically measured to be 5:1. 
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Fig. 7.9 Schematic diagram of high-energy nanosecond vortex laser system. 
 
7.4 Experiments and discussion 
 
Figure 7.10 shows experimental plots of the vortex pulse energy at a PRF of 10 kHz 
as a function of the pump power. The pulse energy of the vortex output reached up to 
0.83 mJ at a pump power of 25.7 W. The corresponding optical-optical efficiency was 
estimated to be 31%. As shown in Fig. 7.11(a), the vortex output had an annular spatial 
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profile originated by the phase singularity. The vortex output showed a single-arm spiral 
wavefront with a clockwise or anticlockwise direction [2-3], and thus was evidence that 
the vortex output had a first-order phase singularity (Fig. 7.11(b), (c)). The beam 
propagation parameter M2 of the vortex output was measured to be 2.1, which is nearly 
the ideal value for first-order vortex output (Fig. 7.12). The vortex output had a pulse 
width of 14 ns with no pulse broadening, corresponding to a peak power of 59 kW (Fig. 
7.13). The measured lasing spectra of the master laser and the amplified vortex output 
are plotted on a logarithmic scale in Fig. 7.14. The vortex output had no undesired 
amplified spontaneous emission (ASE) around 1030 nm. 
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Fig. 7.10 Vortex and backward energies as a function of pump power. 
 
(a) (b) (c)
 
Fig. 7.11 (a) Intensity profile for vortex output. (b) and (c) Self-interferometric fringes 
formed by the vortex beam and its reference spherical wavefront. 
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Fig. 7.12 Beam propagation parameter M2 for the vortex output. 
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Fig. 7.13 Temporal evolution of master laser and amplified vortex outputs. 
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Fig. 7.14 Lasing spectra of the master laser and the amplified vortex outputs. 
 
The nanosecond pulse fiber amplifier system operated in a PRF range of 10–25 kHz. 
The vortex output power increases according to the PRFs, as shown in Fig. 7.15. The 
vortex output had a pulse energy of over 1 mJ at a PRF range of 10–25 kHz (Figs. 
7.16–19). 
 
 
Fig. 7.15 Vortex output power and pulse energy as a function of PRF. 
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Fig. 7.16 Nanosecond vortex output power at a PRF of 10 kHz. 
 
 
Fig. 7.17 Nanosecond vortex output power at a PRF of 15 kHz. 
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Fig. 7.18 Nanosecond vortex output power at a PRF of 20 kHz. 
 
The maximum average power of the nanosecond vortex output was 26.5 W with a 
peak power of 70 kW at a pump power of 60.7 W (Fig. 7.19). The corresponding 
optical-optical efficiency was measured to be ~41%. Good consistency was found 
between the experiments and simulations based on the rate equations mentioned in 
Chap. 5.3 The parameters used in the simulations are listed in Table 7.2. 
The vortex output also had no undesired parasitic oscillation (Figs. 7.20 and 7.21). As 
shown in Fig. 7.22, the vortex output had an annular spatial form with a beam 
propagation M2 of 2.3 (Fig. 7.23). 
 
 
Fig. 7.19 Nanosecond vortex output power at a PRF of 25 kHz. 
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Table 7.2 Parameters for simulation of the nano-second vortex output power from the 
fiber amplifier. 
Pump saturation power 
Total population 
Absorption cross section for 980nm 
Cross-section of fiber core 
Photon energy of pump wavelength 
Lifetime 
Stimulated emission cross section for 1.06m 
Absorption cross section for 1.06m 
Mode matching efficiency 
Saturation intensity 
Ps = 8.5W 
N = 4.14×1020 
ap = 1.5×10-20 cm2 
Ac = 7.06×10
-6 cm2 
hp = 2.03×10-19 J 
  = 1.0×10-3 s 
el = 2.0×10-21 cm2 
al = 1.0×10-22 cm2 
= 0.615 
Is= 9.3×10
4 W/cm2 
 
 
Fig. 7.20 Nanosecond vortex pulse at a PRF of 25 kHz. 
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Fig. 7.21 Pulse train for nanosecond vortex output at a PRF of 25 kHz. 
 
 
Fig. 7.22 Spatial form of vortex output at a PRF of 25 kHz. 
 
 
Fig. 7.23 Beam propagation parameter M2 for vortex output at a PRF of 25 kHz. 
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  The backward output observed in Fig. 7.10 and Fig. 7.19 prevents power scaling of 
the nanosecond vortex fiber laser system [4-5]. The SBS gain is written as 
 
)1(,
/1 B
B ILgg
 

 , (7.1) 
where gB is the SBS gain coefficient, I is the peak intensity of the vortex output, L is the 
length of the fiber amplifier,  is the spectrum linewidth of the vortex output, and B 
is the SBS gain band. The spectral linewidth of the maximum vortex output power, 
measured by using a solid etalon with a free spectrum range of 192 GHz and finesse of 
20, was estimated to be ~90 GHz, as shown in Fig. 7.24. The lasing frequency of the 
vortex output fluctuated temporally owing to the multi-mode operation. The resulting 
lasing spectrum of the vortex output had several spiky peaks. The SBS gain of the 
nanosecond pulses with PRF of 10 kHz was estimated to be ~6 by substituting I = 8.3 × 
109 W/cm2, gB = 5 × 10
–11 m/W and B = 50 MHz into eq. (7.1). This value was close 
to the SBS threshold reported in previous publications [1]. 
 The backward propagating pulse energy increased gradually. Above a pump power of 
28 W, the backward pulse energy reached up to 0.1 mJ, while it was negligible (~50 J) 
below the SBS threshold. The SBS significantly induced the temporal intensity 
modulation of the vortex output, as shown in Fig. 7.25. Such modulation limits the 
nanosecond output energy in ~1 mJ. 
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Fig. 7.24 Spectrum of the amplified vortex output measured by a solid etalon. 
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Fig. 7.25 Vortex pulse at a pump power of 28 W. 
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Chapter 8 Frequency extension of 
optical vortex fiber lasers 
 
8.1 Second harmonic generation 
 
  As mentioned in Chapter 6, the topological charge and the frequency of the vortex 
output are doubled in SHG. In the case that the spatial mode of the fundamental laser is 
the vortex output, it is necessary to keep the spatial quality of the vortex output in the 
wave conversion process. If the fundamental wave contains not only the vortex mode 
but also other higher modes, the spatial quality of the converted wave degrades. In the 
case that the fundamental wave and other modes are coherent, the phase singularity of 
the converted wave departs from the center of the intensity profile. In the incoherent 
case, the converted vortex output is overlapped by other modes. 
  The walk-off effect prevents efficient frequency conversion of the vortex output due 
to degradation of the spatial overlap between the fundamental wave and the second 
harmonics. An LBO crystal without walk-off effects enables us to perform efficient 
SHG and to produce high-quality vortex output without spatial separation of the phase 
singularity. 
  Figure 8.1 shows a schematic diagram of the experimental setup for SHG using a 
high power vortex laser based on the fiber amplifier in combination with the LBO 
crystal. The QWP, HWP and PBS removed the undesired modes from the vortex output 
as an impurity arising from the amplified spontaneous emission in the fiber amplifier. 
The vortex output was focused to be a 200-μm annular spot in the LBO crystal 
(dimensions of 3 × 3 × 20 mm, Type I) mounted on an oven to maintain a crystal 
temperature of ~149°C to perform NCPM. The wavelength acceptance of the LBO was 
~1.9 nm at a crystal length of 20 mm. 
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Fig. 8.1 Schematic diagram including frequency-doubled vortex generation system. 
 
8.2 Experiments and discussion 
 
  Experimental logarithmic plots of frequency-doubled vortex output power as a 
function of fundamental power are shown in Fig. 8.2. The output power of the second 
harmonics reaches up to 7.7 W at a fundamental power of 24 W and corresponds to the 
conversion efficiency of 31%. The experimental plots were well fitted by a parabolic 
function, and so indicate that output power was proportional to the square of the 
fundamental power. The second harmonics had an annular intensity profile with a 
second-order phase singularity, evidenced by three-armed fork fringes. The direction of 
the fringes indicates the sign of the topological charge of the vortex output, as shown in 
Fig. 8.4 (a) and (b). 
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Fig. 8.2 Experimental plots of frequency-doubled vortex output power. 
 
 
Fig. 8.3 Spatial profile for the second harmonics of the vortex output. 
 
   
(a)                     (b) 
Fig. 8.4 Fringes formed by the frequency doubled vortex output and its reference plane 
wave. 
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8.3 Third harmonic generation 
 
High power 1064 nm and 532 nm vortex outputs were obtained in our experiment, 
and led to the THG of vortex output by utilizing a cascaded nonlinear frequency 
conversion based on the LBO crystal (Type II). The LBO (Type II) had dimensions of 3 
× 3 × 20 mm, and had anti-reflection coatings for 1064, 532, and 355 nm (Fig. 8.5). 
 To avoid spatial separation of phase singularities due to the walk-off effects (=0.53o) 
in the LBO crystal, the 1064 nm and 532 nm vortex outputs were loosely focused to be 
a 1.1-mm spot into the LBO (Type II). Thus, a high-quality ultraviolet vortex output 
was obtained.  
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Fig. 8.5 Schematic diagram including ultraviolet vortex generation. 
 
8.4 Experiments and discussion 
 
The experimental output power of 355 nm output as a function of 1064 nm vortex 
power in a logarithmic plot is shown in Fig. 8.6. The maximum power of the ultraviolet 
vortex output was measured to be 34 mW at a pump power of 20 W with a conversion 
efficiency of 0.17%. The experimental plots were fitted by a function with a slope of 3 
on a logarithmic scale. A slight discrepancy between the experiments and the fitting 
curve at low pump power might be caused by the uncertainty of the power meter at a 
low power level. 
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The output has an annular spatial form, as shown in Fig. 8.7. Figure 8.8 also presents 
spatial profiles for the fundamental wave and second harmonics. The topological charge 
of the ultraviolet vortex output was measured to be 3 by self-referenced fringes using a 
transmission grating with low spatial frequency. The fringes exhibited four-armed fork 
fringes, as shown in Fig. 8.9 (a) and (b).  
 
 
Fig. 8.6 Experimental plots of ultraviolet vortex output power. 
 
 
Fig. 8.7 Spatial profile for the ultraviolet vortex output. 
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(a)                         (b) 
Fig. 8.8 Spatial profiles for the (a) 1064 nm and (b) 532 nm vortex outputs. 
 
  
(a)                                 (b) 
Fig. 8.9 (a) Fringes formed by the ultraviolet vortex output and its self-referenced 
output. (b) Magnified fork fringes. 
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Chapter 9 Summary and future work 
 
9.1 Summary and future work 
 
My study demonstrated high power optical vortex output from a stressed large-mode 
area Yb-doped fiber power amplifier. In addition, highly efficient frequency conversion, 
i.e., SHG and THG, was also achieved by using the high power vortex fiber laser in 
combination with a nonlinear crystal LBO. 
First, high-energy vortex nanosecond output was obtained by the system consisting of 
a Q-switched Nd:YVO4 master laser and a stressed large-mode area Yb-doped fiber 
amplifier. The maximum average output power reached up to 26.5 W with a pulse 
energy of 1.06 mJ, and it was limited by SBS. A fiber amplifier with a larger core 
diameter and a smaller NA, such as a large-mode area photonic crystal fiber, will enable 
us to perform further power scaling of the system [1]. 
 Second, a high power picosecond vortex laser based on a stressed Yb-doped 
large-mode area fiber amplifier was demonstrated by using a CW-ML Nd:YVO4 laser as 
a master laser. A maximum output power of 26 W was obtained with a peak power of 30 
kW, corresponding to an optical-optical efficiency of 41%. The sign of the vortex output 
was also selectively controlled by tuning the stress provided to the fiber amplifier. Also, 
the vortex mode generation enabled us to suppress the self-phase modulation in the fiber 
amplifier. Furthermore, SHG and THG were performed using a nonlinear LBO crystal 
with no walk-off effect and a high damage threshold. The 532-nm vortex output power 
was measured to be 7.7 W. A corresponding conversion efficiency of 31% was obtained. 
To the best of our knowledge, the output power is the highest value obtained by a 
frequency-doubled vortex laser.  
Further, the ultraviolet (355 nm) vortex output was demonstrated by THG based on 
cascaded LBO crystals. The output power of the ultraviolet vortex output was measured 
to be 34 mW, corresponding to a conversion efficiency of 0.17%. The signs of the 1064 
nm, 532 nm, and 355 nm vortex outputs were selectively controlled by tuning the stress 
on the fiber amplifier. 
 A 355 nm vortex output with arbitrary topological charge will be generated by utilizing 
a sum frequency generation between the 1064nm and the 532nm lasers in combination 
with a spatial light modulator for the 1064nm laser. 
Further frequency extension of the vortex laser, i.e., deep ultraviolet vortex generation, 
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will be possible in the future. For example, the walk-off effects of a BBO crystal can be 
compensated for by using a periodically bonded BBO device [2]. 
 High power vortex lasers lead to a variety of applications, such as laser ablation, chiral 
nanostructures. The vortex laser technology in this study covers the frequency regime 
from ultraviolet to near-infrared, and it will allow us to extend the vortex laser ablation 
work to various materials. 
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Appendix 
 
A.1 Interferometric technique 
 
The wavefront of the vortex beam was investigated by a self-interferometric 
technique using the vortex beam and self-reference plane wave (Fig. A.1). The vortex 
beam was divided by a beam splitter and the divided beam was expanded and 
collimated to form a plane wave at the narrow area on its spatial profile. The other beam 
overlapped the plane wave so that the interference fringe showed a fork fringe 
signifying the phase gap m at the center of the annular intensity profile. In the case of 
the topological charge m = 1, a two-armed fork fringe was exhibited [1]. Figure A.2 
shows a simulation of the interferometric fringe formed by the plane wave and the 
vortex beam with the topological charge m of 1~3. The number of arms of the fork 
fringe was m+1. The upward and downward fork fringes signifies the rotational 
direction of orbital angular momentum, the vortex sign. 
 
Vortex beam Lens
Beam splitter
Interferometric fringe
 
Fig. A.1 Interferometric fringes formed by an output beam (vortex beam with m = 1) 
and its self-referenced plane wave. 
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(a)                      (b)                     (c) 
Fig. A.2 Simulations of interferometric fringes formed by an output beam ((a) m = 1 (b) 
m = 2 (c) m = 3) and its self-referenced plane wave. 
 
The wavefront of the vortex output was also investigated by a self-interferometric 
technique using a transmission grating (Ronchi grating : 10 line per 1 mm). The 0 order 
diffracted beam and the first diffracted beam separated by the transmission grating were 
focused with little misalignment (Fig. A.3). The center of the fringe showed a double 
fork fringe, meaning a phase gapm occurs on opposite sides across the center of the 
spatial profile. Figure A.4 shows a simulation of the self-referenced interferometric 
fringe formed by the vortex beam with the topological charge m of 1~3. The number of 
arms of the fork fringe was m+1. The direction of the fork fringes signifies the rotational 
direction of the orbital angular momentum, the vortex sign. 
 
Vortex beam
Transmission grating
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Fig. A.3 Self-reference interferometric fringes with the transmission grating. 
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Fig. A.4 Simulations of self-reference interferometric fringes with the transmission 
grating. ((a) m = 1 (b) m = 2 (c) m = 3) 
 
The wavefront of the vortex output was investigated by a self-interferometric 
technique formed by the vortex beam and its spherical reference (Fig. A.5). The vortex 
beam was divided by a beam splitter, and one beam was expanded by using an objective 
lens to be a spherical wave. The other beam overlapped the plane wave so that the 
interference fringe showed a spiral intensity profile. In the case of the topological 
charge m = 1, a one-armed spiral fringe was exhibited. Figure A.6 shows the simulation 
of the interferometric fringe formed by the self-reference spherical wave and the vortex 
beam with the topological charge m of 1~3. The number of arms of the fork fringe was 
m. The clockwise and anticlockwise spiral fringes signify the rotational direction of the 
orbital angular momentum, the vortex sign. 
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Fig. A.5 Interferometric fringes formed by an output beam (vortex beam with m = 1) 
and its self-referenced spherical wave 
 
 90 
 
A1 x y( ) A x y( )
 
2
:
A1
 
A1 x y( ) A x y( )
 
2
:
A1
 
A1 x y( ) A x y( )
 
2
:
A1
 
(a)                      (b)                     (c) 
Fig. A.6 Simulations of interferometric fringes formed by an output beam ((a) m = 1 (b) 
m = 2 (c) m = 3) and its self-referenced spherical wave. 
 
A.2 Beam propagation parameter M2 
 
Beam quality was expressed by the beam propagation parameter M2. It was assumed 
that the focused spot radius W(z) of the multi-mode laser including higher-order modes 
on a light axis z is larger than M times the focused spot radius of the TEM00 mode laser. 
Thus, 
   zMzW  . (7.1) 
W(z) is written with 0 of the minimum spot radius at z = 0 as 
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where  is the wavelength, and n is the refractive index. By assuming the minimum 
focused spot radius of the multi-mode laser as W0=M0, (7.2) is rewritten as 
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. (7.3) 
The focused spot radius of the multi-mode laser is treated as M times the focused spot 
radius of the Gaussian beam. When the multi-mode laser is focused into the same radius 
with the TEM00 mode laser, the beam divergence for the multi-mode laser is larger than 
that for the TEM00 mode laser. The M
2 factor is estimated by measuring the beam 
divergence (Fig. A.7). In the case of the vortex output, the beam propagation parameter 
M2 is idealistically measured to be 2.0. 
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Fig. A.7 Schematic diagram of beam propagation for multi-mode output. 
 
A.3 Spectrum measurement using the solid etalon 
 
The spectral linewidth of the light is measured using the solid etalon. The solid 
etalon is a silica plate having a thickness of l, a refractive index of n and highly parallel 
surfaces. When the thickness of the solid etalon equals m (m: integer), the inserted 
light is oscillated in the solid etalon and transmits from the solid etalon. The transmitted 
intensity means the quantity of the wavelength of the light, thus, the solid etalon is used 
as an optical spectroscope. The oscillation frequency is 
 


cos2nl
c
mm 
, (7.5) 
where c is the velocity of light and  is the reflection angle. In the case that l and  are 
constant, transition of the solid etalon at the oscillated frequency is 1. The free spectrum 
range (FSR) is defined as 
 


cos2
1
nl
c
mm  
. (7.6) 
Its value should be larger than the measured spectrum bandwidth. The resolution of the 
solid etalon is the FWHM, which depends on the FSR and the finesse F as 
, (7.7) 
, (7.8) 
where R is the reflection. The finesse F means the rough standard of the resolution of 
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the solid etalon and the sharpness of the measured spectrum waveform (Fig. A.8). 
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Fig. A.8 Lasing spectrum measured by the solid etalon. 
 
The solid etalon used to measure the spectrum linewidth of the nanosecond vortex 
output had a free-spectrum range of 192 GHz and finesse of 20. The resolution of the 
solid etalon is estimated to be ~30 pm. 
 
A.4 Autocorrelation trace 
 
To measure the pulse width of the picosecond laser, the intensity autocorrelation 
technique was performed [2] (see Fig. 3.14). The picosecond pulse laser was divided 
into the signal and the reference output by the half mirror, and the reference output was 
also delayed by the roof prism mirror to tune the temporal overlap with the signal output. 
The signal and the reference output were spatially overlapped into the nonlinear crystal 
such as KTP crystal. 
The intensity autocorrelation output is written as 
   dttItII  


SHG . (3.3) 
where  is the delay time of the reference output. Assuming that the picosecond output 
had a Gaussian temporal profile, the pulse width (FHWM) i of the picosecond output 
is estimated by 
. (3.4) 
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where  is the FHWM of the autocorrelation trace.  
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Fig. A.9 Intensity autocorrelation trace for the picosecond laser measured by second 
harmonic generation with the nonlinear crystal. 
 
 
Fig. A.10 Temporal evolution of autocorrelation of picosecond pulse. 
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